Background: The advanced stage of the Maillard reaction that leads to the formation of advanced glycation endproducts (AGEs) plays an important role in the pathogenesis of angiopathy in diabetic patients and in the aging process. Recently, it has been proposed that the intermediates contributing to AGE formation include dicarbonyl intermediates such as glyoxal, methylglyoxal, and 3-deoxyglucosone (3-DG). In the present study, we developed a novel, non-carboxymethyllysine (CML) anti-AGE antibody that recognizes serum proteins and peptides modified by 3-DG in vivo. Materials and Methods: AGE-modified serum albumins were prepared by incubation of rabbit serum albumin with 3-DG or D-glucose. After immunization of rabbits, anti-AGE antisera were subjected to affinity chromatography on a Sepharose 4B column coupled with CML-BSA, or AGE-BSA created by incubation with 3-DG (AGE-6) or
Introduction
The modification, aggregation, and deposition of proteins is a prominent part of many pathological processes and can play a direct role in tissue damage. The pathological role of the nonenzymatic modification of proteins by glucose, a process which is known as glycation, has become increasingly evident in different diseases. It is now well established that early glycation products undergo progressive modification over time in vivo with the formation of irreversible cross-links, forming moieties termed advanced glycation end-products (AGEs). AGEs have been implicated in the development of many of the pathological sequelae of diabetes and aging, such as atherosclerosis and renal insufficiency (1) (2) (3) (4) . Recently, it has become clear that AGEs also have a role in neurodegenerative diseases such as Alzheimer's disease (5-8), Parkinson's disease (9) , and amyotrophic lateral sclerosis (ALS) (10, 11) .
AGEs are formed by glycation, which is a nonenzymatic reaction between ketones or aldehydes and the amino groups of various proteins that contributes to the aging of proteins and to the complications of diabetes (1) (2) (3) (4) . In the presence of hyperglycemia, glucose reacts with the free amino groups of amino acids, proteins, phospholipids, and nucleic acids. This process begins with the conversion of reversible Schiff base adducts to more stable, covalently-bound Amadori rearrangement products. Over the course of several days to weeks, these Amadori products then undergo further rearrangement to form irreversibly-bound AGEs, a process known as the Maillard reaction. In the intermediate stage of the Maillard reaction, the Amadori products undergo multiple dehydration steps and rearrangements that produce highly reactive carbonyl compounds such as 3-deoxyglucosone (3-DG) (12) (13) (14) (15) . These reactive carbonyl compounds again react with free amino groups, leading to cross-linking and browning of proteins and the formation of AGEs in the late stage of the Maillard reaction (16) . However, our knowledge about the heterogeneous AGEs formed in vivo is limited and many of these products are still largely undefined at the chemical level (17) .
3-DG may be formed non-enzymatically from Amadori compounds or enzymatically by decomposition of fructose-3-phosphate, a product of the fructose-3-phosphokinase reaction (18) . 3-DG reacts rapidly with protein amino groups to form various AGEs (19, 20) , such as pyrraline, pentosidine, carboxymethyllysine (CML), and imidazolones. Studies using gas chromatography-mass spectrometry (GC-MS) (21) or electrospray ionization liquid chromatography mass spectrometry (ESI/LC/MS) (22) have shown that plasma 3-DG levels are markedly increased in patients with diabetes or uremia. Although some of the AGE-modified proteins prepared in the laboratory exhibit a variety of biological activities, the AGEs known to exist in vivo have not yet been demonstrated to show significant biological effects. 3-DG is potent at forming AGEs and has several biological activities (20) , such as cytotoxicity, suggesting that it may be important in the development of diabetic and uremic complications.
To better understand the role of 3-DG in the modification of proteins in patients with diabetes, we developed a new antibody to non-CML AGEs that could recognize serum proteins modified by 3-DG. We have now prepared a total of six anti-AGE antibodies in order to better identify compounds involved in the Maillard reaction in vivo. The present study provides direct immunological evidence for the existence of six distinct classes of AGE-modified proteins and peptides (AGE-1 to -6) in the serum of diabetic patients on hemodialysis.
Materials and Methods

Synthesis of 3-Deoxyglucosone (3-DG)
3-DG was synthesized according to the method of Khadem et al. (23) with some modifications. For the initial synthesis of 3-DG-bisbenzoylhydrazone, a solution of D-glucose (15 g), p-toluidine (8.25 g), and acetic acid (16.5 ml) in 95% ethanol (337 ml) was boiled under reflux for 30 min and then benzoylhydrazine (24.7 g) was added, followed by refluxing for 7 h. The reaction mixture then was let stand at 4°C overnight, filtered, washed successively with ethanol and diethyl ether, and dried at room temperature. The residue was recrystallized from 95% ethanol as a monohydrate, with a yield of 16.5 g (50%). For the synthesis of 3-DG, a solution of 3-DG-bisbenzoylhydrazone (10 g), ethanol (300 ml), H 2 O (500 ml), acetic acid (22 ml), and freshly distilled benzaldehyde was refluxed for 6 h. After 3 h, the ethanol was removed by evaporating 300 ml of the solution with the simultaneous dropwise addition of 500 ml H 2 O. After 18 h, the precipitate was removed by filtration, following which the filtrate was concentrated to 40 ml and washed with diethyl ether (200 ml, 6 times). The concentrate then was evaporated to 10 ml and applied to an ion-exchange resin column (Amberlite IR 120B, 100 ml; Amberlite IR 4B, 100 ml). The eluate was lyophilized, dissolved in a small quantity of methanol, and purified by silica gel flash column chromatography (4 ϫ 20 cm) with a chloroform/methanol (7:3) solvent system. Decolorization was performed with activated charcoal. Next, the filtrate containing 3-DG was evaporated to dryness, and then the residue was dissolved in a small amount of water and was lyophilized, yielding 3.0 g (73%). The spectral data for 3-DGbisbenzoylhydrazone, as well as the Rf value and the TLC dye pattern of 3-DG, all corresponded with those reported previously (23) . When a solution of purified 3-DG (0.12 g) and benzoylhydrazine (0.16 g) in water (10 ml) was heated for a few minutes in a boiling water bath according to the method of Khadem et al. (23) , the product that separated was 3-DGbisbenzoylhydrazone at a yield of 0.22 g (78%). These data indicated that the compound synthesized was pure 3-DG.
Preparation of AGE-Proteins, CML, and CEL
AGE-BSA and AGE-rabbit serum albumin (RSA) were prepared as described previously (24) (25) (26) . Briefly, each protein was incubated under sterile conditions with D-glucose (AGE-1), glyceraldehyde (AGE-2), glycolaldehyde (AGE-3), methylglyoxal (AGE-4), glyoxal (AGE-5), or 3-DG (AGE-6) and 5 mM diethylenetriamine-pentaacetic acid (DTPA) in 0.2 M phosphate buffer (pH 7.4) at 37ЊC for 7 days, except in the case of incubation with 3-DG (2 weeks) or D-glucose (8 weeks). Low molecular weight reactants and aldehydes were removed using PD-10 column chromatography and dialysis against PBS. Carboxymethyllysine (CML)-BSA was prepared as described elsewhere (27) . Briefly, 50 mg/ml of BSA was incubated at 37ЊC for 24 h with 45 mM glyoxylic acid and 150 mM sodium cyanoborohydride (NaCNBH 3 ) in 2 ml of 0.2 M phosphate buffer (pH 7.4), followed by PD-10 column chromatography and dialysis against PBS. Carboxyethyllysine (CEL)-BSA also was prepared as described elsewhere (28) . Briefly, 50 mg/ml of BSA was incubated at 37ЊC for 24 h with 45 mM pyruvic acid and 150 mM sodium cyanoborohydride (NaCNBH 3 ) in 2 ml of 0.2 M phosphate buffer (pH 7.4), followed by PD-10 column chromatography and dialysis against PBS. Protein concentrations were determined with the Dc protein assay reagent (Bio-Rad Laboratories, Richmond, CA) using BSA as a standard.
Preparation of Polyclonal Anti-AGE Antibodies
Four milligrams of each of two types AGE-RSA (incubated with 3-DG and D-glucose) were emulsified in 50% Freund's complete adjuvant and injected intradermally into rabbits. This procedure was repeated at weekly intervals for 6 weeks. After a 2-week pause, the rabbits were given a booster injection of 4 mg of each antigen. Animals were bled molecular weight fraction was applied to a Sephacryl S-200 column (1.5 ϫ 110 cm), which was equilibrated with PBS (pH 7.4) and eluted with the same buffer (fraction size: 1.5 ml, flow rate: 10 ml/h) in a cold room. The molecular weight markers used were aldolase (MW 160,000), BSA (MW 67,000), chymotrypsinogen A (MW 25,000), and vitamin B 12 (MW 1,355). The low molecular weight fraction was pooled, concentrated by lyophilization, and dissolved in a small volume of distilled water. The precipitate was removed by centrifugation at 10,000 rpm for 10 min and the supernatant was applied to a Sephadex G-15 column (1.5 ϫ 110 cm), which was equilibrated with 50 mM ammonium acetate buffer (pH 7.4) and eluted with the same buffer (fraction size: 1.5 ml, flow rate: 8 ml/h) in a cold room. The molecular weight markers used were cytochrome c (MW 12,500), vitamin B 12 (MW 1,355), and cytidine (MW 243). Each fraction was monitored for absorbance at 280 nm and the AGE activity of each fraction was measured by both AGE-ELISA and characteristic AGE-specific fluorescence (Ex ϭ 360 nm/ Em ϭ 440 nm). The immunoreactivity of each fraction was read from the calibration curve (for AGE-1 or AGE-6) and was expressed as AGE units (U) per ml, as described above.
Immunoblot Analysis
AGE-proteins and human serum protein samples were subjected to electrophoresis on 7.5% SDS gel or 5-20% gradient SDS gel. The proteins then were transferred electrophoretically to PVDF membranes for 30 min at 2.5 mA per cm 2 . Each membrane was blocked with 4% skim milk in PBS for 1 h at room temperature, reacted for 2 h with immunoaffinitypurified antibodies (1:250-1:1000 diluted in 4% skim milk in PBS), washed three times for 5 min each with PBS-Tween 20 buffer, incubated for 1 h in 4% skim milk in PBS with 1:2000 diluted antirabbit IgG coupled to alkaline phosphatase, washed 5 times for 5 min each with PBS-Tween 20, and finally incubated with 5-bromo-4-chloro-3-indoyl phosphate-nitroblue tetrazolium.
Results
Characterization of the Immunogen
The formation of AGE by rabbit serum albumin (AGE-RSA) during incubation with 3-DG for 2 weeks was monitored by AGE-specific fluorescence. Fluorescence was only associated with the AGE-RSA complex, and was not seen in control RSA after 2 weeks of incubation without 3-DG (data not shown). The excitation and emission maximum of AGE-RSA was 360 and 440 nm, respectively, in close agreement with the values for glucose-modified AGE-RSA (25, 26) . SDS-PAGE under reducing conditions revealed that unglycated RSA (incubated without 3-DG) migrated at 68 kD, while AGE-RSA (incubated with 0.2 M 3-DG for 2 weeks) migrated more slowly and formed on the tenth day after this injection and serum was obtained for purification.
Purification of Antibodies to Non-CML AGE (AGE-Ab-1 and -6) from Polyclonal AGE Antibodies by Affinity Chromatography
Antibodies specific for non-CML AGE were isolated from the above-mentioned rabbit antiserum by affinity chromatography. AGE-BSA created by incubation with D-glucose (AGE-1) or incubation with 3-DG (AGE-6) or CML-BSA (100 mg of each protein) was coupled to 20 ml of CNBr-activated Sepharose 4B according to the manufacturer's instructions. Then 25 ml of rabbit serum was applied to a column (2.5 ϫ 5.5 cm) of Sepharose 4B coupled with AGE-1 or AGE-6. After extensive washing with PBS, the adsorbed fractions were eluted with 20 mM sodium phosphate buffer containing 1 M potassium thiocyanate (pH 7.4). The AGE antibody fractions were pooled, concentrated using Centriprep-10, and passed through a PD-10 column equilibrated with PBS. The AGE antibodies thus obtained were then loaded onto a column (1.5 ϫ 5.5 cm) of Sepharose 4B coupled with CML-BSA, which was washed with 30 ml of PBS to obtain the unadsorbed fraction (non-CML AGE antibodies). The adsorbed fraction (CML antibody) was then eluted with 20 ml of 20 mM sodium phosphate buffer containing 1 M potassium thiocyanate (pH 7.4). Fractions (1.0 ml) were monitored for absorbance at 280 nm. The unadsorbed fractions were pooled, concentrated with Centriprep-10, and passed through a PD-10 column equilibrated with PBS for use in this study.
Enzyme-Linked Immunosorbent Assay (ELISA)
Ligand inhibition and AGE measurements were performed with a competitive ELISA, as described previously (24) (25) (26) . Briefly, samples (50 l) were added to each well as a competitor for 50 l of non-CML AGE antibodies (1:500-1:2000), followed by incubation for 2 h at room temperature with gentle shaking on a horizontal rotary shaker. Results were expressed as B/B 0 , which was calculated as follows; (experimental OD-background OD)/(total ODbackground OD). The immunoreactivity of each fraction was read from the calibration curve (for AGE-1 or AGE-6) and was expressed as AGE units (U) per ml, with one unit corresponding to the amount of antibody-reactive material found in AGE-BSA at a protein concentration of 1 g/ml.
Size Distribution of Non-CML AGE in Serum from Diabetic Patients on Hemodialysis
Fifty milliliters of serum from 10 patients with type 2 diabetes and end-stage renal disease on hemodialysis was subjected to ultrafiltration using a PM-10 membrane (cut-off MW 10 kD) to separate the high molecular weight fraction (Ͼ10 kD) from the low molecular weight fraction (Ͻ10 kD). The high a broad band around 68 kD, suggesting that covalently linked adducts of RSA had been formed nonenzymatically during incubation (data not shown).
Characterization of AGE Antiserum
We prepared AGE-6 antiserum from rabbits immunized with AGE-RSA (2 weeks of incubation with 3-DG). This antiserum was applied to an affinity column coupled with AGE-BSA (AGE-6) to obtain a purified anti-AGE antibody. Figure 1 shows the cross-reactivity for carboxymethyllysine (CML)-BSA, AGE-BSA (AGE-6), and unmodified BSA of the polyclonal antibody obtained from rabbits immunized with AGE-RSA. The antibody reacted with AGE-BSA (AGE-6), whereas no reaction was observed with unmodified BSA (Fig. 1 ) or with BSA that had been incubated without 3-DG (data not shown). In cross-reactivity studies, this antibody also showed a weak reaction with CML-BSA (Fig. 1) . It therefore seemed likely that the polyclonal antiserum not only contained an antibody specific for non-CML AGE (AGE-6), but also an antibody for CML. 
Separation of non-CML AGE Antibodies from Polyclonal AGE Antibodies
The polyclonal AGE antisera obtained after incubation of AGE-RSA with 3-DG or glucose were purified by AGE-BSA (AGE-6 or AGE-1) affinity chromatography, and then were separated by CML-BSA affinity chromatography (Fig. 2) . We calculated the percentage of antibodies bound to the CML affinity gel (eluted as the second peak) relative to that of antibodies unbound to the affinity gel (eluted as the first peak). Unbound AGE-6 antibody (the non-CML AGE fraction) accounted for 83% ( Fig. 2A ) of all antibodies obtained. In our previous study (24, 25) , we used 1 mM EDTA as a chelator when preparing AGE-1, which meant that it may have still contained many CML structures. In this study, therefore, we prepared AGE-1 in the presence of 5 mM diethylenetriamine-pentaacetic acid (DTPA). Antibodies unbound to the CML affinity gel and eluted as the first peak accounted for 67% of those obtained from rabbits immunized with AGE-RSA after incubation for 8 weeks with 0.5 M glucose in the 
Size Distribution of AGE in Serum from Diabetic Patients on Hemodialysis
Using the affinity purified non-CML AGE antibodies (AGE-Ab-1 and -6), we examined the size distribution of AGEs in serum from Type 2 diabetic patients on hemodialysis using Sephacryl S-200 column chromatography. Figure 4A shows the distribution of the high molecular weight fraction in serum from the diabetic patients detected by monitoring the absorbance at 280 nm or the AGE-specific fluorescence. Figure 4B shows the distribution detected by each type of non-CML AGE antibody (obtained from rabbits immunized using AGE-RSA incubated with glucose or 3-DG, respectively). AGE-1 immunoreactive material was eluted as two peaks with an apparent molecular weight of 200 kD and 65 kD, while AGE-6 immunoreactive material was eluted as one peak with an apparent molecular weight of 200 kD. The AGE-1 peak was much higher than that for AGE-6. Immunoblotting of serum protein samples with affinity-purified AGE-Ab-6 revealed major immunoreactivity with an apparent molecular weight of 200 kD (data not shown). Minor immunoreactivity was also observed with some high molecular weight proteins larger than albumin. These findings supported the ELISA results. We also examined AGE in the low molecular weight fraction of serum from the diabetic patients using Sephadex G-15 column chromatography. Figure 5A shows the distribution of AGE in the low molecular weight fraction determined by monitoring the absorbance at 280 nm or the AGE-specific fluorescence. Figure 5B shows the results obtained with the affinity purified non-CML AGE antibodies. Non-CML AGE immunoreactive material was eluted as two peaks by the two types of non-CML presence of DTPA (Fig. 2B) versus 35% of those obtained using AGE-RSA incubated with EDTA in our previous study (25) .
Characterization of Non-CML AGE Antibodies
Characterization of the non-CML AGE antibodies obtained by CML-BSA affinity chromatography was done using a competitive ELISA with several AGE-modified proteins (Fig. 3) . Binding of the two non-CML AGE antibodies (AGE-Ab-1 and -6) to each AGE-BSA was not altered by the addition of glycated HSA (data not shown), indicating that early glycation products such as Amadori products were not the immunoreactive epitopes. We also investigated whether non-CML AGE antibodies purified by CML-BSA affinity chromatography could react with CML-BSA and carboxyethyllysine (CEL)-BSA. Neither CML-BSA or CEL-BSA inhibited the binding of non-CML AGE antibodies to each type of AGE-BSA (data not shown). Pentosidine-BSA, pyrraline-BSA, and argpyrimidine-BSA also did not inhibit the binding of these non-CML AGE antibodies (data not shown). To determine which kinds of AGE were recognized by these non-CML AGE antibodies, BSA was incubated with glucose (AGE-1), glyceraldehyde (AGE-2), glycolaldehyde (AGE-3), methylglyoxal (AGE-4), glyoxal (AGE-5), and 3-DG (AGE-6). As shown in Figs. 3A&B, AGE-Ab-6 specifically inhibited the binding of AGE-6 and AGE-Ab-1 specifically inhibited the binding of AGE-1 (Figs. 3C&D) . Immunoblot analysis with immunoaffinity-purified antibodies confirmed the results obtained by ELISA (data not shown). These findings indicated that AGE-BSA modified by 3-DG had the highest reactivity for AGE-Ab-6. AGE antibodies (obtained from rabbits immunized by AGE-RSA incubated with glucose or 3-DG), and these peaks contained species with an apparent molecular weight of 1.15 kD and 0.85 kD. There was more immunoreactive AGE-1 than AGE-6 in the low molecular weight fraction.
Discussion
There is general agreement that there are multiple sources and mechanisms involved in the formation of AGEs in vivo, including oxidative and nonoxidative processing of reducing sugars, Schiff bases, Amadori adducts, and metabolic intermediates such as glyceraldehyde and methylglyoxal (MGO) (17, 25, 26, (29) (30) (31) (32) (33) (34) (35) (36) . In model systems, AGEs have been shown to arise from the metal-catalyzed autoxidation of glucose, with the dicarbonyl glyoxal (GO) and arabinose as intermediates (37) , and from the decomposition of Amadori products to the reactive dicarbonyl 3-deoxyglucosone (3-DG) (38) .
We recently used RSA modified by incubation with glucose (AGE-1), ␣-hydroxyaldehydes (glyceraldehyde (AGE-2) and glycolaldehyde (AGE-3)), or the dicarbonyl compounds (MGO (AGE-4) and GO (AGE-5)) to immunize rabbits and obtain a high titer of antiserum without any reactivity for the carrier proteins (25, 26) . Using immuno-affinity chromatography, we then produced five specific antibodies for non-CML AGEs that recognized the five immunoreactive types of AGEs (AGE-1, -2, -3, -4, and -5). In the present study, we developed another antibody to a non-CML AGE (AGE-Ab-6) that recognizes serum proteins modified by 3-DG. AGE-Ab-6 specifically reacted with protein modified by 3-DG (AGE-6), but did not cross-react with proteins modified by glucose (AGE-1), ␣-hydroxyaldehydes (glyceraldehyde (AGE-2) and glycolaldehyde (AGE-3)), or dicarbonyl compounds (MGO (AGE-4) and GO (AGE-5)). The epitope of the AGEAb-6 seems to be different from pentosidine, pyrraline, or argpyrimidine, because BSA preparations the low molecular weight fraction of serum from diabetic patients, and found that immunoreactive material detected by AGE-Ab-1, -2, -4, and -5 eluted as two peaks with apparent molecular weights of 1.15 and 0.85 kD, while AGE-Ab-3 detected immunoreactive material that eluted as a single peak with an apparent molecular weight of 0.85 kD (25, 26) .
In the present study, 3-DG-derived non-CML AGE (AGE-6) was detected among the low molecular weight AGE-peptides and eluted as two peaks with apparent molecular weights of 1.15 and 0.85 kD (Fig. 5) . AGE-6 also was detected among the high molecular weight AGE-protein as a peak at 200 kD (Fig. 4) . Furthermore, immunoblotting of serum protein samples with AGE-Ab-6 showed major immunoreactivity with an apparent molecular weight of 200 kD (data not shown). Thus, these six non-CML AGE antibodies (AGE-Ab-1 to -6) have enabled us to detect various compounds created by glycation in vivo.
conjugated with these compounds also were not recognized by this antibody.
In a previous study, we provided direct immunochemical evidence for the existence of at least five distinct AGEs (AGE-1 to -5) among the AGEmodified proteins and peptides that circulate in the serum of diabetic patients on hemodialysis (25, 26) . The estimated size of the high molecular weight AGE-proteins detected by our AGE-ELISA using a specific antibody (AGE-Ab-1) for glucose-derived non-CML AGE (AGE-1) were 200 kD and 65 kD (Fig. 4B, 25) . Antibodies to the other four types of non-CML AGE (AGE-2, -3, -4, and -5) recognized immunoreactive material that was eluted as a single peak with an apparent molecular weight of 200 kD (26) . Immunoblotting of serum protein samples with these non-CML AGE antibodies also showed major immunoreactivity with an apparent molecular weight of 200 kD (26) . We also examined AGE in Fig. 6 . Alternative routes for the formation of immunochemically distinct AGEs in vivo. Advanced glycation end-products (AGEs) arise from the decomposition of Amadori products (AGE-1), the glycolysis intermediate product glyceraldehyde (AGE-2), the Schiff base fragmentation product glycolaldehyde (AGE-3), the triose phosphate and the Amadori product fragmentation product methylglyoxal (AGE-4), the autoxidation product of glucose glyoxal (AGE-5), and decomposition product of Amadori products and fructose-3-phosphate to 3-DG (AGE-6). CML, N-(carboxymethyl)lysine; CEL, N-(carboxyethyl)lysine; k p -NH 2 , free amino residue of protein (AR, aldose reductase; SDH, sorbitol dehydrogenase; 3-PK, fructose-3-phosphokinase; ALR, aldehyde reductase; GO, glyoxalase; MOG, mono-oxygenase).
